Abstract-The difficult design of fuzzy logic control (FLC) can be processed in two separate stages: nominal design and optimal adjustment. The nominal design intends to figure out the nominal model of FLC including rule base, membership functions (MF's), and scaling gains. Different parameters require different design methods. A quantitative approach is presented in this paper to design the nominal scaling gain by using the idea of classical adaptive control. This adaptive mechanism requires only an approximate reference model of the plant, but it tolerates much more system uncertainties due to the inherent nonlinear feature of FLC. In reality, a first-order linear model is usually sufficient for achieving a reasonable performance. This approximate model reference based adaptive fuzzy control system is more robust than its classical counterpart in complex environment without deteriorating the original system stability. Therefore, it is an effective method to determine proper scaling gains for FLC.
I. INTRODUCTION

S
INCE Mamdani developed the first fuzzy control application [3] , FLC has been applied in many areas. Different applications require different types of FLC structure [9] . The most popular type of FLC is the feedback error type as shown in Fig. 1 , which is usually called conventional FLC.
FLC is aimed at grasping the domain control knowledge and translating it into an effective numerical algorithm. It is well known that tuning FLC could be more difficult than its classical counterpart. One of main reasons is the flexibility of its knowledge base and the coupling of its parameters. There is still no systematic way to design all these parameters. At the higher-level, FLC is fuzzy and qualitative in terms of linguistic rules; while at the lower-level, it is not fuzzy in terms of quantitative scalings. The ideal design platform should embrace the methodology originating from logic and knowledge engineering as well as encompass the tools that are specific to control engineering [8] . However, when scanning the existing approaches, many of them emphasize the logicbased nature of FLC instead of the control-based nature, or vice versa. In industry, FLC is designed merely by experience and qualitative knowledge of the process. This heuristic based design is not suitable for the quantitative calibration and hard to become systematic. In academic area, the research is very active in the area of fuzzy-neural system where the artificial neural network is often used to learn the rule base [2] . However, the rule base built by this quantitative approach may lose the original linguistic interpretation. Recently, a new methodology is presented with the idea of "design the rule base qualitatively and tune the data base quantitatively" [7] . This hybrid design is developed along the direction of integrating both qualitative and quantitative approaches. As the difficulty of design mainly comes from the coupling of parameters in the knowledge base, therefore, the design and tuning of FLC should be carried out in two separate stages: nominal design and optimal tuning, each of them follows a hierarchical way as shown in Fig. 2 . The nominal design is a top-down approach starting from the qualitative (higher-level) to the quantitative level (lowerlevel). It intends to find out the nominal model of FLC, i.e., the initial parameters of FLC. If the nominal model is not satisfactory, the optimal tuning can be used to explore the optimal parameters of FLC, through a bottom-up approach that continues learning from the nominal model.
Ideally, the nominal model of FLC, including the nominal rule base, the nominal MF's, and the nominal scaling gains, should be able to provide a reasonable performance. However, it is not so easy in practice. The nominal rule base, which can be designed by using qualitative approach [4] , is often chosen as a linear rule base in Fig. 3 ; while the nominal MF's can be chosen as the triangular shape. After determining the nominal rule base and MF's, all the design loads are shifted to the scaling gains that can be handled by various quantitative methods. Properly designed scaling gains are very critical to the initial performance of FLC. The well-developed classical control theory can play an important role on this nominal gain design. The quantitative approach usually requires the mathematical model of the rule base, which has been presented in the previous studies by Ying [10] and Li [5] . Several approaches could be useful for designing the nominal scaling gains. One of them is the comparative design by using the well-tuned parameters of classical PID controller [6] , [11] . The other one could use the theory of variable structure control (VSC) [5] . However, these methods require more quantitative information about either its classical counterparts or the disturbance bound of the process for determining the output scaling gain. Because of these constraints, it may not be easy to obtain proper scaling gains, especially the output gain.
In this paper, a new idea is proposed by using the theory of classical adaptive control to easily obtain a better value for scaling gains with little information about the process. In classical control, an adaptive control algorithm is very effective for controlling the unknown process. The classical model reference adaptive control (MRAC) can be designed with the gradient method [1] for a linear process model. In reality, it can be extended to the nonlinear plant. An FLC with a nominal rule base and MF's can be approximated as a linear control around the equilibrium state [10] . Then the idea for the classical control can be copied to FLC with some approximations. The main purposes of this research work include: 1) to explore a more suitable quantitative approach to obtain nominal value of scaling gains more easily and reasonably and 2) to further disclose the robustness of FLC to nonlinear process, especially for those with time-varying dynamics. As it is an on-line adaptation, the nominal value obtained could be more close to the optimal.
The adaptive mechanism will be built for fuzzy two-term control in this paper, the result can be easily extended to the other dimensional FLC. The mathematical model of FLC with a nominal rule base is presented first. Then, the model reference adaptive fuzzy control (MRAFC) is constructed based on the classical gradient method without disturbing the original stability. In theory, these adaptive schemes are only valid for linear plant on the equilibrium state, however, they can be extended to a more general situation in the reality. As it requires only an approximate model, a simple first-order model is usually sufficient to obtain the nominal scaling gains for a wider range of processes. Finally, the performance simulation demonstrates the viability of this approach.
II. MATHEMATICAL MODEL OF FLC
A basic structure of fuzzy two-term control is shown in Fig. 1 , with a mathematical model derived based on the following assumptions.
Assumptions:
1) The nominal rule base is chosen as a linear one shown in Fig. 3 , which has seven labels for each input and output. 2) The nominal MF's are chosen as the triangular shape with equal spread for input and for output. 3) Mamdani's max-min inference method is used. The linear rule base can be divided into many inference cells (IC's) [5] as shown in Fig. 4 . The mathematical model of a two-dimensional rule base can be derived from IC's [5] as (1) with . is an index number depending on the inference cell under use; are half of the spread of each input and output MF's respectively; is a nonlinear parameter at subregion of the inference cell IC .
The fuzzy control with a linear rule base is actually a nonlinear control at quantitative level as shown in (1). It will become a linear two-term control on its equilibrium state. Three input and output scaling gains , and need to be designed. The nominal value of input gains and can be determined with the theory of VSC [5] . It is usually hard to get a proper output gain , which is very critical to system performance. The index in (1) can be omitted for the simplicity in the rest of paper. 
III. MODEL REFERENCE ADAPTIVE MECHANISM FOR NOMINAL SCALING GAIN DESIGN
A. Gradient Method
The first version of MRAC is constructed by the gradient method [1] . Assuming that is the parameter need to be designed, and is the difference between outputs from the real plant and from the ideal model, the performance criterion can be chosen as (2) The parameter should be adjusted in the direction of the negative gradient of
Though the perfect model is not required in classical MRAC, however, the tolerance for the model-plant mismatch and nonlinear features is limited.
B. Output Gain Adaptation
Fuzzy two-term control in (1) with the output gain can be expressed as a two-term control plus a relay term as shown in (4). The relay term goes to zero when the system approaches the equilibrium point (4) with The gradient method can be used to construct the model reference adaptive fuzzy control (MRAFC) in Fig. 5 for the linear plant around the equilibrium state. The results can be extended to the nonlinear plant at a global range.
By approximating in (1) as constant, the closed-loop system around the equilibrium state becomes linear and has the closed-loop characteristics as and (5) If the approximation is made by assuming approaches , the adaptation law for the output gain of FLC can be obtained from (3) as (6) 
C. Stability of the Adaptation
The Lyapunov function of MRAFC can be chosen as: then As is independent of the variable gain , the adaptation law in (6) does not introduce extra stability difficulties. The system is stable when , which has the same stability condition as FLC without the gain adaptation.
IV. FEEDFORWARD TYPE MRAFC
The equilibrium state of the above MRAFC is not the reference model, which may require smaller gain for the system to avoid too fast adaptation around the reference. A slight modification can be made to improve the adaptation by the feedforward MRAFC shown in Fig. 6 . The error between the command signal and the plant output is replaced by the model-plant mismatch . Then the equilibrium state becomes the reference model.
A. Output Gain Adaptation
Similarly as before, from (5), we can obtain (7) after the approximation by assuming approaches . From (3), the new adaptation law for the output gain can be obtained (8) As replaces , the new adaptation (8) can keep the fast convergence in the beginning and slow down when approaching the reference model. As the reference model does not appear explicitly in the adaptation law (8) (only through ), this adaptive structure tolerates much larger model-plant mismatch. Practically, it only requires an approximate model. Thus, a first-order model in (9) can be used for a wide range of plant (9)
C. Input Gain Adaptation
Between two input gains, is more important. For a better value, can be determined by the convergence requirement based on the VSC theory. However, it can also be tuned on line for a more optimum performance. As FLC becomes linear in the equilibrium state; then from (4), we have Similarly from (7), we have then, the adaptation for the input gain ratio can be approximated from (3) as (10) V. SIMULATION The aim of simulations is to show the effectiveness of MRAFC for determining the nominal scaling gains by its performance comparison with MRAC for plants with unmodeled dynamics. The background of this comparison is based on the intuition that better parameters of the control system will provide a better performance.
A. About the Plant and the Reference Model
The plant includes 1) a first-order linear plant with unknown parameters which provides only parameter mismatch 2) a third-order linear plant with unknown orders and parameters, which provides structure mismatch.
3) a nonlinear plant with unknown time-varying parameters, which provides dynamic mismatch.
The reference model is chosen as the first-order linear model in (9) with . The command signal is the square wave and the sampling step is 0.1 s. 
B. Performance Comparison 1) MRAC:
For the first-order linear plant, the performance of MRAC with is shown in Fig. 7 . It has a perfect model following after 500 s. For the third-order linear plant, MRAC can still handle this partially known system as shown in Fig. 8 . However, the model following performance is deteriorated much from the above. For the nonlinear timevarying plant, MRAC can not achieve satisfactory performance as shown in Fig. 9 .
2) MRAFC: MRAFC is chosen as FZ-PI with the feedforward type adaptation. The input gain is fixed as the unity to avoid the possible saturation. The adaptation of gains are starting from and with the adaptation rate and . For the first-order linear plant, the performance of MRAFC in Fig. 10 is satisfactory. The process output will follow the reference model quite well, though not as perfect as MRAC. For the third-order linear plant, the performance of MRAFC in Fig. 11 keeps the similar performance as that of the first-order plant. MRAFC achieves better performance than MRAC. For the nonlinear time-varying plant, the performance of MRAFC in Fig. 12 does not deteriorate much from that of the firstorder plant. MRAFC achieves much better performance than Table I .
The above simulation show that MRAFC requires less information of the process but achieves a better performance, especially for process with time-varying dynamics. The ro-bustness of FLC can be further confirmed by nominal gains obtained in Table I 
VI. CONCLUSIONS
It is hard to find a systematic design methodology for FLC design due to its coupling parameters inside the knowledge base. To reduce the difficulty of the coupling, the design is decoupled into two separate stages. The first and the most important stage is the nominal design for obtaining the nominal model of FLC. The nominal rule base and MF's can be easily determined by qualitative approaches. The nominal scaling gains should be designed quantitatively as they provide a numerical calibration. To obtain a better scaling gain without much information of the process, a model reference based adaptive mechanism is proposed for tuning FLC by using the gradient method and an approximate model of the plant. The structure of this MRAFC is similar to MRAC. To improve the model-following performance, the feedforward type MRAFC is designed to keep the equilibrium state on the reference model. This feedforward type MRAFC is simple in structure, fast in convergence, and better in performance.
Though MRAFC is derived for the linear plant on the equilibrium state with some approximations, it tolerates much larger model-plant mismatch due to the inherent nonlinear feature of FLC. Thus, it can be applied to plants with larger nonlinear or time-varying dynamics. Successful simulations demonstrate that MRAFC can achieve more robust performance than MRAC, especially for plant with the unmodeled and time-varying dynamics. Thus, the scaling gains determined by this adaptive system is quite satisfactory and robust.
The aim of MRAFC presented in this paper is to determine the proper scaling gains for nominal design of FLC, besides, the successful demonstrations indicate the huge potential of the adaptive FLC working with unknown processes. The future research should continue along this direction to develop a more realistic self-tuning type FLC that can achieve an optimum performance automatically for a wider range of processes.
